With demand increasing for phosphate recovery, a considerable share of current research is dedicated to elaborate multifunctional materials. In this way, the objective of this work was to produce hybrid films from the combination of cellulose acetate (CA) biopolymer and magnesium and aluminium layered double hydroxides (LDHs) and investigate their performance for phosphate recovery. In this work, the following materials were prepared and characterized: LDH, calcinated LDH (LDH-c), CA film (CAF), CA film with LDH (CAF-LDH) and CA film with LDH-c (CAF-LDH-c). The produced materials were characterized by X-ray diffraction, thermogravimetric analysis coupled with differential scanning calorimetry and mass spectrometry, attenuated total reflectance Fourier transform infrared spectroscopy and scanning electronic microscopy. The thickness, H 2 O absorption (A H 2 O ), stability in H 2 O and phosphate adsorption of the produced films were evaluated. The adsorption capacity of films was compared to LDHs in powder form. The CAF-LDH and CAF-LDH-c increased film thickness, where CAF-LDH-c was thicker than CAF-LDH. CAF-LDH-c had higher A H 2 O than the other films, because of its increased thickness and mainly because of the H 2 O sorption process of these materials. H 2 O stability of 98.97% for CAF-LDH and 96.81% for CAF-LDH-c suggest the produced films can maintain their structural properties even after a long contact period with aqueous solutions. For the CAF-LDH-c, the maximum adsorption capacity of phosphate, according to the Langmuir-Freundlich model, was 6.98 mg/g. The adsorption value suggests that this film can be used as an efficient phosphorus (P) adsorbent from wastewater or a eutrophicated source.
Introduction


The phenomenon of phosphorus (P) retention by soil is well known and widespread in the literature. It is a relevant factor for nutritional management and culture development. Originally, it was thought that this retention was favorable to the use of P by the plants, but there are processes that occur in the soil, such as the formation of non-labile P, which may demand as a competitive drain with the plant for this nutrient [2, 3] . The high P demand required by Oxisols to maintain agricultural production requires the application of phosphate fertilizers in high doses, increasing production costs [4] . Moreover, available P reserves are finite [3] and of poor quality. An option to solve the problem of P in the Oxisols would be the capture of P from wastewaters and its reuse in agriculture as fertilizer [4] . In this manner, the use of organic-inorganic hybrid materials has emerged as an interesting option to study P reuse in agriculture.
In this sense, organic polymers and inorganic materials have been combined into hybrid materials for use in basic and applied research. In these hybrid organic-inorganic materials, interactions among the parts with favorable combinations of amounts and dispersion, have produced compounds with unique chemical and physical attributes compared to isolated components [5] [6] [7] [8] [9] [10] [11] . According to Sanchez et al. [12] , these hybrid materials represent not only a creative alternative for researching new materials, but also allow for innovative industrial applications.
Layered double hydroxides (LDHs), also known as hydrotalcite-like compounds, are intercalated compounds with hydrated anions inserted into the interlayer spaces. In order to understand the structure of LDHs, it is convenient to start from the brucite structure, a mineral composed of Mg(OH) 2 . In brucite, Mg 2+ is located in the center of an octahedron with vertexes occupied by hydroxyl anions. The octahedrons share edges among them forming flat and neutral layers. The structure of LDHs is similar to that of brucite, but some divalent cations are isomorphically substituted by trivalent cations, forming positively loaded layers. For the system to maintain its electroneutrality, hydrated anions are inserted between the layers, which present controlled stacking. These materials have the general formula: is the interlayer anion. LDHs occur in nature as minerals or can be synthetized at relatively low cost in an environmentally friendly manner, characterized as green chemistry [9, [13] [14] [15] [16] . The fine texture of LDHs can limit their applications. Thus, the possibility of forming hybrid materials between LDHs and polymers is an interesting option from a practical point of view, making them usable for multiple applications. In this sense, it is more feasible to mechanically immobilize LDH in a biodegradable, low-cost polymer film for the collection of wastewater P and its subsequent reuse in agriculture as fertilizer. Cellulose acetate (CA) polymers are thermoplastic materials produced by esterification of cellulose materials such as recycled paper, cotton and wooden cellulose, among others. These materials are used as matrices to obtain a variety of products such as optical film, laminates, textile fibers and coatings for medications and foods [17] . There is a current line of research that evaluates the synthesis and characterization of products (for example, montmorillonite) based on CA and clay minerals [17] [18] [19] [20] .
Until the present moment there are no works reported in the literature that use hybrid films containing CA and LDH as adsorbents for the uptake of P. In this way, the main objective of this work was to study P recovery, from aqueous solutions containing phosphate, using LDH (calcinated and non-calcinated) as adsorbents immobilized on CA films (CAFs).
Materials and Methods
All reagents used in this work presented an analytical purity level: Mg(NO 3 
Preparation of Calcinated-LDH (LDH-c)
The LDH sample obtained via the coprecipitation method as described above was subjected to the calcination process as follows: the powder was heated in a tubular furnace for 4 h at 550 °C, under O 2 atmosphere with a constant flow of 50 mL/min and a heating rate of 10 °C/min. These conditions of calcination process were chosen to optimize the adsorption capacity of the calcined LDH by the strutural recovery property of this material [21, 22] . The calcined material (abbreviated LDH-c) was stored under reduced pressure in a desiccator containing silica gel.
Preparation of CAF, CAF-LDH and CAF-LDH-c
All films were prepared via the casting method using acetone as solvent. In this process, 3.00 g of CA was dissolved in 30 mL of acetone and allowed to stand for 24 h at room temperature. The resulting solution was spread on a flat glass surface and left to rest for the solvent to evaporate and form the CAF.
The CA solution in acetone was used to produce CAF. For this, 1.50 g of LDH (or 1.50 g of LDH-c) was added to the acetone solution and the mixture was stirred for 60 min with a magnetic stirrer at room temperature. Afterward, the suspension was applied on a flat glass surface and left to rest for 1 h for solvent evaporation. Hence, the mass ratio between CA and LDH (or LDH-c) was two. The produced films (CAF-LDH and CAF-LDH-c) were stored under reduced pressure in a desiccator containing silica gel.
Characterization of the Produced Materials
X-ray diffraction (XRD) analyses were performed in a Shimadzu XRD-6000 diffractometer, using a graphite crystal monochromator to select Cu-Kα1 radiation with λ = 1.5406 Å and a step away from 0.02°/s, with 2θ angle between 4° and 70°.
Thermal analyses were done on the TGA-DSC Netzsch analyzer STA 409 PC Luxx model coupled with the QMS 403 Aelos mass spectrometer, using an aluminum-oxide crucible, a heating rate of 10 °C/min and a synthetic air flow rate of 50 mL/min. Samples were heated from 30 °C to 1,000 °C.
For scanning electron microscopy (SEM) analyses, the samples were supported on conductive double sided adhesive tape and recovered with a thin gold film. Material morphologies were analyzed using a Zeiss EVO 50 scanning electron microscope.
The attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR) spectra were recorded with a Jasco spectrometer, model FT/IR-4100 in the range of 4,000 to 400/cm, at 4/cm resolution and 256 scannings.
The thicknesses of the CAF, CAF-LDH and CAF-LDH-c films were determined with a digital micrometer, model ID-C112XB, Mitutoyo Corp, Japan. The average thickness value was calculated based on five measurements done at random points on each sample, according to Otoni et al. [23] .
Water absorption A H 2 O of the films was determined according to methodology proposed by Espitia et al. [24] . Film samples (in triplicate) were in CAF-LDH and CAF-LDH-c, the films were dried in a drying oven at 105 °C for 24 h until reaching a constant weight. After the films presented constant weight, with the quantities of Mg 2+ and Al 3+ present in the films were estimated indirectly by means of the levels found in the LDH and LDH-c.
Adsorption Isotherms
The phosphate adsorption isotherms were evaluated for LDH, LDH-c, CAF, CAF-LDH and CAF-LDH-c. For this, 20 mg of the produced materials were added to 10 mL of solutions containing different phosphate ions concentrations (from 10 mg/L to 1,000 mg/L) [25, 26] . The suspensions were stirred for 24 h in a thermostatic bath at 30 °C and closed system. The quantities of P in solution (supernatant) were determinated after the stirring time and the amount of P adsorbed in each material was calculated according to Eq. (1): (1) where Q e is the amount of phosphate adsorbed by unit weight of adsorbent (mg/g), V is the volume of phosphate solution added (L), C i is the initial concentration of phosphate solution added (mg/L), C e is the balanced concentration of adsorbate solution (mg/L) and m is the adsorbent mass (g).
The experimental data were analyzed according to the Langmuir [27] , Freundlich [28] and Langmuir-Freundlich [29] models by means of Eqs. (2-4):
where Q e is the amount of phosphate adsorbed by unit weight of adsorbent mass (mg/g), in the equilibrium concentration of adsorbate in solution
n and K (L/mg) representing the constants of Langmuir, Freundlich and Langmuir-Freundlich. Q m is the maximum P adsorption capacity in mg/g and n (dimensionless) is the Freundlich linearity constant.
Results and Discussion
Characterization of Materials
The XRD patterns of LDH, LDH-c, CAF, CAF-LDH and CAF-LDH-c samples are presented in Fig. 1 . For LDH, the diffractogram shows a characteristic profile of material with a hydrotalcite-like structure (Fig. 1a) . The repetition of basal reflections (003) and (006) [14, 30, 31] . The LDH-c XRD (Fig. 1b) shows peaks referring to the presence of MgO, as indicated in the figure. For this material, the calcination process at suitable temperature and atmosphere may give rise to the MgO crystalline phase and other amorphous phases, such as oxides and mixed oxihydroxides [21, 22] . The diffractrogram of CAF (Fig. 1c) present two centered peaks semi-crystalline at 2 equal to 10.1° and 17.6° [32] . XRD pattern of CAF-LDH (Fig. 1d) presents characteristics of the mixture between polymer and LDH. The diffractrogram of this film presents basal reflections (003) and (006) typical of LDH intercalated with carbonate anions, as previously shown (Fig. 1a) , as well as peaks centered at 2 equal to 10.1° and 17.6° referring to the presence of CA. The diffractrogram of CAF-LDH-c (Fig. 1e ) presents a peak related to (111) plane of MgO and also a signal of very low intensity attributed to plane (003) of LDH. This peak probably occurs because of the intercalation of CO 3 2-in the LDH-c present in the film, from the contamination of this material by CO 2 present in the air. This CAF-LDH-c contamination occurs because of the handling of this material during the synthesis and analysis processes. ATR-FTIR spectra of LDH, LDH-c, CAF, CAF-LDH and CAF-LDH-c are shown in Fig. 2 . For LDH (Fig. 2a) , the spectrum show a very broad band in the region between 3,600/cm and 3,000/cm assigned to the OH stretching of the H 2 O molecules, as well as the hydroxyl groups present in the inorganic layers [33] . The intense band around 1,650/cm is attributed to bending mode of H 2 O molecules. The bands at 1,360, 850 and 630/cm are associated to several vibrational modes of CO 3 2-intercalated and absorbed anions [31, 34] . The ATR-FTIR spectrum of LDH-c is shown in Fig.  2b . For this material, it is possible to observe the presence of two bands located at 850/cm and 670/cm, which are attributed to vibration modes of Al-O and Mg-O of Mg(Al)O [21, 22, 35] . The CAF, CAF-LDH and CAF-LDH-c spectra are shown in Figs. 2c-2e . The bands centered at 3,400/cm are assigned to the OH-stretching of the H 2 O molecules, as well as the hydroxyl groups and the H 2 O molecules [33, 34, 36] . The band at 1,748/cm is typical of CA formation and is related to the stretching of C=O groups [37] . Hanna et al. [38] and Barud et al. [36] , observed the same carbonyl band at 1,754/cm and 1,755/cm for CA, respectively. The 1,237/cm band refers to the C-O stretching of the acetyl group [36] . Brum et al. [37] observed the stretching of C-O of the O-(C=O)-CH 3 at 1,249/cm band. The presence of the band at 1,370/cm is related to C-H bending [39, 40] . The band at 1,037/cm is related to C-O stretching [40] .
The TGA-DTG-DSC and TGA-MS curves of LDH, CAF, CAF-LDH and CAF-LDH-c are shown in Fig. 3 . The LDH, CAF-LDH and CAF-LDH-c curves (Figs. 3a, 3e and 3g) show two stages of thermal decomposition. The first stage occurs from 30 °C up to close to 200 °C and the second one from 200 °C up to 500 °C. For CAF (Fig. 3c) , the first stage of thermal decomposition occurs between 300 °C and 400 °C, and the second one between 400 °C and 550 °C. For CAF, Zhou et al. [41] and Dehkordi et al. [19] demonstrated the existence of a first stage of weight loss because of the evaporation of physically adsorbed H 2 O. In this work, this thermal decomposition stage was not highlighted for CAF. Dehkordi et al. [19] attributed the CAF thermal decomposition stage starts at 367 °C, with CA chain degradation, followed by primary decomposition of volatile and dehydrated compounds [41] . According to these authors, the thermal decomposition stage of CAF at 542 °C is attributed to the carbonization of the sample, with complete degradation and decomposition of the film. The CAF-LDH and CAF-LDH-c presented low thermal stability in relation to CAF. The mass residue for CAF was 1.74%, while for CAF-LDH and CAF-LDH-c, the residues were of 18.6% and 28.4%. The mass residue in these materials corresponds to oxides and oxyhydroxides derived from LDH and LDH-c. The mass spectrum of LDH (Fig. 3b (Figs. 4a and 4b) , with agglomerated particules shaped like hexagonal platelets forming a structure known as rose sand [43] . LDH-c shows regions with hexagonal platelet morphology and regions with desensely packed particles, as a result of the thermal treatment applied (Figs. 4c and 4d) . The LDH and LDH-c particles (Figs. 4a-4d) were also visualized in the images obtained from CAF-LDH and CAF-LDH-c (Figs. 4g-4j) . The images show that LDH powders were uniformly spread on the polymeric film. Moreover, it was also observed in the hybrid film images the presence of regions with high numbers of pores (indicated by arrows). CAF images presented regions with a lot of uniformity, in addition to regions where the electron-beam decomposed the polymeric film (indicated with arrows). The produced hybrid materials presented more thermal stability than the pristine film.
The film thicknesses were modified by interactions between the polymers and LDHs (Table 1 ). The formation of hybrid materials, CAF-LDH and CAF-LDH-c, increased the film thickness. CAF-LDH-c had greater thickness than CAF-LDH. These variations can also influence the properties of these materials, such as A H 2 O [44] .
A H 2 O has been described for several materials according to the Second Fick's Law. This law however is only applicable when: (i) the material is homogeneous, (ii) there is no chemical interaction between water and the material, (iii) the H 2 O sorption mechanism is only diffusion, (iv) there is no extraction of soluble materials and (v) the material dimension does not change during A H 2 O . Therefore, CA based materials cannot be evaluated in relation to A H 2 O , according to the concepts of this law [45, 46] . In therefore, they were not reported in this work.
Adsorption Isotherms
The P adsorption isotherms using LDH, LDH-c, CAF, CAF-LDH and CAF-LDH-c as adsorbents were adjusted for the Langmuir, Freundlich and Langmuir-Freundlich models (Fig. 6 ). Langmuir's model assumes adsorption occurs in monolayer, on the uniform surface without interactions among adsorbed molecules, while Freundlich's model describes adsorption on non-uniform surface or heterogeneous sorption [29, 50] . Langmuir-Freundlich's model integrates the Langmuir and Freundlich models and considers the adsorption process to be controlled by multiple mechanisms [50] in heterogeneous surfaces [51] . The parameters of the proposed models are presented in Table 3 .
Among the isotherm models studied for P adsorption, the Langmuir-Freudlich model presented the best fit (R 2 > 0.96) for all adsorbents studied.
These results suggest phosphate adsorption occurred in heterogeneous surfaces making it possible to be controlled by several mechanisms. An important parameter to study the adsorption intensity between adsorbed molecules and adsorbent surface is 1/n. This parameter is divided into five levels that describe a higher or lower favoring of the adsorption phenomenon [52] . To lower the value of 1/n, or increase the value of n, adsorption is favored. Thus, results indicate more favorable adsorption of LDH-c compared to LDH, as well as of CAF-LDH-c in comparison to CAF-LDH. This phenomenon may be attributed to the capacity of structural reconstruction of LDH-c and to its greater superficial specific area and pore volume [53, 54] . According to the division proposed by Tseng and Wu [52] , the adsorption of LDH, LDH-c and CAF-LDH, are considered in a pseudo-linear level and CAF-LDH-c is considered at a favorable level of adsorption.
Organic-Inorganic Hybrid Materials: Layered Double Hydroxides and Cellulose Acetate Films as Phosphate Recovery
The maximum P adsorption capacity for LDH, LDH-c, CAF-LDH and CAF-LDH-c according to the Langmuir-Freundlich model was 17.18, 51.75, 2.31 and 6.98 mg/g (Table 3 ). CAF did not have any significant phosphate adsorption values. For CAF-LDH and CAF-LDH-c, it is important to highlight these had lower phosphate adsorption values than those for LDH and LDH-c. This decrease occurs due to the lower amount of LDHs present in these films. Moreover, it is also necessary to take into consideration that not all LDH and LDH-c spread in the films are available for the adsorption process, as shown by SEM images. If only LDH and LDH-c powder mass were considered in CAF-LDH and CAF-LDH-c, the maximum P adsorption capacity is of 7.36 mg/g and 21.63 mg/g. Therefore, LDH and LDH-c adsorb only 2.3 times and 2.4 times more phosphate than the respective films in 24 h. Considering the CA:LDH ratio, the methodology presented in this work showed that the relationship of 3 g of CA and 1.5 g of LDH provide the double of P adsorption. In addition, this account does not consider the evaporation of acetone, which slightly increases the proportion of LDH in the film.
Materials produced with the objective of adsorbing P from wastewater are frequently reported in the literature. Some materials produced, called HAIX, DOW 2N-Cu, DOW 3N-Cu and CA-Fe, have maximum P adsorption of 2.6, 1.1, 1.6 and 6.9 mg/g [55] [56] [57] . The maximum P adsorption capacity obtained from isotherms for CAF-LDH-c indicates that this material could be used as an efficient adsorbent of P from wastewater or eutrophic waters. Furthermore, CA is recognized by the scientific community as a biodegradable polymer [58] . Thus, adsorption and biodegradability characteristics of the material produced indicate its possible use as a carbon source for the soil and also as source of phosphate fertilizer by the reuse of P from wastewater or eutrophicated water.
Conclusions
In this work, the following materials were prepared and characterized: LDH, LDH-c, CAF, CAF-LDH and CAF-LDH-c. The thickness, A H 2 O and stability in H 2 O of the produced films were evaluated, moreover, all of materials were subjected to phosphate adsorption. The formation of hybrid materials, CAF-LDH and CAF-LDH-c, increased film thickness, where CAF-LDH-c was thicker than CAF-LDH. CAF-LDH-c had higher A H 2 O than the other films, because of its increased thickness and mainly because of the H 2 O sorption process of these materials. H 2 O
